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to engine power and grapple load size in feeding.







groups, using Scots pine (Pinus sylvestris)	pulpwood	stems	logged	between	2	and	21	months	
previously	at	the	terminal	with	the	above-mentioned	chippers.	Thirdly,	the	impact	of	sieve	mesh	
size	on	the	particle	size	distribution	of	wood	chips	from	different	age	groups	was	compared	by	












particles	and	the	moderate	presence	of	fines.	The	use	of	narrower	80	mm	× 80 mm sieves on 
Scots	pine	material	does	not	seem	to	offer	any	benefit	compared	to	100	mm	× 100 mm from the 
chip	quality	point	of	view.
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1 Introduction
Comminuting is an important element of all forest fuel supply chains, because the size reduction of 
wood biomass from its initial form into finer particles improves transport economy and is essential 
when feeding modern biomass boilers (Jensen et al. 2004; Hartmann et al. 2006; Strehler 2000; 
Lu et al. 2010; Spinelli et al. 2011a; Spinelli et al. 2011b; Röser et al. 2012; Spinelli et al. 2013; 
Wolfsmayr and Rauch 2014). Heat and combined heat and power plants (CHP) are the main con-
sumers of forest chips. Other potential consumers are biorefineries and thermal treatment plants. 
Wood chips, used as fuel or for industrial purposes, have to meet both chemical and physical 
technical specifications (Suadicani and Gamborg 1999; Jensen et al. 2004; Hartmann et al. 2006; 
Strehler 2000; Lu et al. 2010; Nati et al. 2010; Spinelli et al. 2011a; Spinelli et al. 2011b; Pari et 
al. 2013; Spinelli 2013; Nati et al. 2014; Eliasson et al. 2015). The main quality parameters are 
moisture and ash content, particle size distribution and percentage of fine particles (Suadicani and 
Gamborg 1999; Jensen et al. 2004; Hartmann et al. 2006; Strehler 2000; Nati et al. 2010; Spinelli 
et al. 2011a; Spinelli et al. 2011b; Anerud and Jirjis 2011; Laurila 2013; Eriksson et al. 2014b; 
Wolfsmayr and Rauch 2014).
Particle size distribution has an impact on handling and combustion efficiency and emissions 
at heating plants (Mattsson 1990; Kristensen and Kofman 2000; Jensen et al. 2004; Paulrud and 
Nilsson 2004; Bäfver and Renström 2013). Particle size also affects the energy requirement of the 
hydrothermal pre-treatment needed for the conversion of wood biomass into liquid biofuels (Hos-
seini and Shah 2009) and the yield of bio-oil obtained from pyrolysis (Shen et al. 2009). Particle 
size distribution is a function of different variables and is significantly affected by wood material, 
moisture content, comminuting method, chipper type, blade wear and screen size (Suadicani and 
Gamborg 1999; Spinelli et al. 2005; Nati et al. 2010; Spinelli et al. 2011b). The most homogenous 
chips can be produced from stemwood, while much more heterogeneous chips are produced from 
logging residues (Suadicani and Gamborg 1999).
Demand for forest fuels is often diachronic, and shortages are usually buffered by means of 
stored material (Jirjis 1995; Rauch 2010; Filbakk et al. 2011; Laurila 2013; Rauch 2013; Eriksson 
et al. 2014a; Nurmi 2014). After logging, the fuel wood is stored at roadside landings for a longer 
or shorter time, usually from 6 months to 24 months (Laurila 2013). The storage of fuel wood may 
improve fuel quality by reducing moisture content (Jirjis 1995; Filbakk et al. 2011; Rauch 2013; 
Nurmi 2014), but on the other hand, biodegradation leads to loss of dry matter (kg m–3) and loss 
of energy rich extractives (Suadicani and Gamborg 1999; Jirjis 1995; Rauch 2010; Filbakk et al. 
2011; Rauch 2013; Nurmi 2014; Routa et al. 2015a). Together, these factors will determine the 
volumetric energy density (Nurmi 2014). From the procurement point of view, an unfortunate dis-
advantage that accompanies storage is tied up in capital (Rauch 2013; Nurmi 2014). Deterioration 
of fuel wood also has a negative impact on particle size distribution, thus increasing the incidence 
of fines (Pochi et al. 2015).
The comminuting is performed using tractor-powered chippers especially in smaller opera-
tions and heavy truck-mounted chippers or stationary grinders in large-scale operations. Chippers 
with sharp tools are exclusively applied to clean wood and offer a more consistent product (Hakkila 

































is lower (Spinelli and Magagnotti 2013; Spinelli and Magagnotti 2014). The chipper’s engine 




to contractors with large annual chipping volumes and wide procurement areas, whereas tractor-
powered	chippers	are	interesting	options	for	contractors	who	work	locally.























2 Material and methods




























equipped with an 80 mm ×	80	mm	sieve	and	the	Kesla	C	1060	A	chipper	with	a	100	mm	×100 mm 
sieve.	The	width	and	height	of	the	intake	opening	was	600	mm	×	450	mm	for	the	Kesla	C	4560	
LF chipper and 1000 mm ×	600	mm	for	the	Kesla	C	1060	A	chipper.	The	hydraulic	infeed	systems	



























order	 to	avoid	 the	confounding	effect	of	delay	and	preparation	time,	which	 is	 typically	erratic	
(e.g.	Spinelli	and	Visser	2009;	Eliasson	et	al.	2012a;	Holzleitner	et	al.	2013).	The	studies	were	
also	too	short	to	record	representative	delay	times.	The	effective	working	time	(E0h) included the 
work	phases	of	boom	out,	grip,	boom	in,	feeding,	adjustment	and	chipping.	The	number	of	grap-
ple	loads	for	each	full	truck	container	load	was	counted,	in	order	to	calculate	the	average	weight	
of the grapple load in feeding.







2.2 Sampling and analyses of wood chips
The	chip	samples	were	taken	directly	from	the	truckloads	arriving	as	part	of	the	normal	delivery	


















extractives and amount of volatiles.





N Term Constant/Coefficient t-test
Estimate Std. error t-value p
Chipping 
productivity	
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3 Results
3.1 Chipping productivity and fuel consumption
The	average	chipping	productivity	of	the	Kesla	C	4560	LF	chipper	unit	was	19	508	kg	(dry	mass)	









P x–127429.105 30132.281ln (1)Chipping1060 1060( )= +
where










Fig. 2. Chipping	productivity	of	Kesla	C	1060	A	and	Kesla	C	4560	LF	chippers	(kg	E0h–1) according to the weight of 
the	grapple	load	(kg).












fuel consumption was 3.1 litres.
Fig. 4. Chipping	productivity	(kg	E0h–1)	of	the	Kesla	C	1060	A	and	the	Kesla	C	4560	LF	chippers	according	to	basic	
density	(kg	m–3) of chipped wood material.
Fig. 3. Time	consumption	of	work	elements	per	chipped	1000	kg	(dry	mass)	with	the	Kesla	C	1060	A	and	the	Kesla	C	
4560	LF	chippers.
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time groups of pulpwood.
Age of storage, 
months

















2 55.8 54.4 20.66 20.70 434 443 0.43 0.43
4 47.0 46.8 20.35 20.61 417 416 0.62 0.38
7 41.6 40.9 20.32 20.32 411 406 0.63 0.58
9 45.7 45.3 20.56 20.54 412 396 0.54 0.42
12 56.0 50.3 20.36 20.54 418 420 0.47 0.35
15 47.2 47.4 20.43 20.29 420 410 0.46 0.41
17 40.7 45.6 20.28 20.32 426 433 0.49 0.47
21 37.0 38.6 20.37 20.42 425 358 0.49 0.39
Average 46.38 46.16 20.42 20.47 420 410 0.52 0.43
Standard devia-
tion
6.82 4.95 0.13 0.15 7.69 25.83 0.08 0.07
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Table 4. Effect	of	storage	time	on	chip	size	distribution.
Effect	of	storage	time
Fraction, mm df Distribution,	percentage,	Mean	 Std. deviation P-value
63–100 7 0.19 0.48 0.56
45–63 7 1.45 1.09 0.35
31.5–45 7 4.98 2.05 0.52
16–31.5 7 61.38 8.60 0.17
16–8.0 7 10.88 5.82 0.19
3.15–8 7 15.54 3.62 0.10




Age of storage, months Chipper Lipophilic	yield,	% Hydrophilic	yield,	% In	total,	% %
2 Kesla	C	1060	A 5.90 1.14 7.04 84.9
4 4.68 1.24 5.92 83.8
7 3.28 1.27 4.55 84.4
9 4.31 1.26 5.57 83.6
12 4.53 1.10 5.63 83.3
15 3.56 1.06 4.62 84.8
17 4.09 1.36 5.45 83.4
21 3.64 1.27 4.91 84.1
Average 5.46 84.04
Standard deviation 0.81 0.62
2 Kesla	C	4560	LF 5.95 1.13 7.08 83.9
4 4.86 1.09 5.95 84.4
7 4.24 1.08 5.31 83.4
9 4.31 1.22 5.53 84.5
12 4.60 0.97 5.57 84.3
15 3.96 0.92 4.88 84.3
17 3.18 1.32 4.50 84.4
21 4.57 1.00 5.58 84.5
Average 5.55 84.21
Standard deviation 0.77 0.38
Table 5. Effect	of	chipper	 type	and	sieve	mesh	size	on	
chip	size	distribution.
Effect	of	chipper	type






















chipping pulpwood or stems, compared to the chipping of logging residues or whole trees. In 
order	to	minimise	the	waiting	times	of	the	timber	loader,	the	chipper	productivity	has	to	be	higher.	
Therefore, it is logical that large disc chippers or drum chippers are used at terminals for chipping 
large-sized	stemwood	(Kärhä	2011).	Studies	of	entire	chipping	systems	are,	however,	needed	to	
Fig. 5. Chip	size	distribution	for	the	Kesla	C	1060	A	chipper	(above)	and	the	Kesla	C	4560	LF	chipper	(below)	with	
different storage times (2–21 months from logging).
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understand	interactions	between	their	different	components	and	to	select	the	appropriate	capacities	
or	technology	for	each	stage	(Spinelli	et	al.	2012;	Eriksson	et	al.	2013;	Krajnc	and	Dolsak	2014;	
















mm	sieve,	was	39.3	odt	E0h–1 when chipping pulpwood.
The	chipping	productivity	and	fuel	consumption	of	the	Morbark	30	RXL	disc	chipper	(engine	















equipped with the narrower 80 mm ×	80	mm	sieve	but	the	frequency	was	higher	in	the	particle	size	
class	31.5–45	mm	compared	to	the	Kesla	C	1060A	equipped	with	the	100	mm	× 100 mm (Fig. 5).









formation. Nati et al. (2010) stated that the use of small sieve meshes on pine material does not 
seem	to	offer	any	significant	reduction	in	oversize	particles,	the	presence	of	which	is	already	very	
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limited	compared	to	poplar	material.	Therefore,	large	sieve	meshes	should	be	used	when	chipping	
pine material (Nati et al. 2010).
The	 produced	 amount	 of	 chips,	 productivity	 and	 fuel	were	measured	 as	 dry	masses	 to	
ensure	comparability	with	other	studies.	The	performed	study	was	a	rather	short	analysis	of	two	






simpler operation than felling and processing trees with a harvester, and therefore we can assume 
that	differences	related	to	to	an	experienced	operator’s	skills	are	lower	(Röser	et	al.	2012;	Nati	et	
al. 2014). Spinelli and Magagnotti (2010) regarded the operator’s effect on commercial chipping 
operations	as	secondary,	and	the	between-operator’s	differences	were	not	significant,	resulting	in	
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basic densities (kg m–3) of chipped wood material are similar to the softwood raw material used 
for chemical pulping in Finnish sulphate pulp mills (Lindblad and Verkasalo 2001).
Chipper type was found to be statistically significant to the levels of ash content; the reason 
for this might be the working technique of the Kesla C 4560 LF chipper operator. He constantly 
shook the pulpwood grapple load during the boom movement from the pile to the feeding table of 
the chipper in order to get rid of contingent impurities such as sand, small stones or mineral soil. 
The particle size distributions with the Kesla C 1060 A and the Kesla C 4560 LF were quite uniform, 
and the storage time of the pulpwood had no significant effect on particle size distribution in any 
chip size classes. One reason might be that the basic density of chipped wood was homogenous 
and there was no statistical difference between different storage times. During shearing and the 
subsequent journey through the chipper mechanism, chips tend to break and breakage is likely to 
be greater with weaker wood (Spinelli and Maganotti 2013). The use of new sharp knives is likely 
to affect chip quality, as witnessed by the absence of oversized particles and by the moderate pres-
ence of fines. The use of a narrower 80 mm × 80 mm sieve on Scots pine material does not seem 
to offer any benefit compared to a 100 mm × 100 mm sieve in terms of chip quality.
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